Abstract Ring hydroxylating dioxygenases (RHDOs) are one of the most important classes of enzymes featuring in the microbial metabolism of several xenobiotic aromatic compounds. One such RHDO is benzenetriol dioxygenase (BtD) which constitutes the metabolic machinery of microbial degradation of several mono-phenolic and biphenolic compounds including nitrophenols. Assessment of the natural diversity of benzenetriol dioxygenase (btd) gene sequence is of great signifi cance from basic as well as applied study point of view. In the present study we have evaluated the gene sequence variations amongst the partial btd genes that were retrieved from microorganisms enriched for PNP degradation from pesticide contaminated agriculture soils. The gene sequence analysis was also supplemented with an in silico restriction digestion analysis. Furthermore, a phylogenetic analysis based on the deduced amino acid sequence(s) was performed wherein the evolutionary relatedness of BtD enzyme with similar aromatic dioxygenases was determined. The results obtained in this study indicated that this enzyme has probably undergone evolutionary divergence which largely corroborated with the taxonomic ranks of the host microorganisms.
Introduction
Microbial decontamination of environments polluted with xenobiotic organic chemicals promises to be a benign, eco-friendly and cost-effective mechanism [1, 2] . Microorganisms have acquired enormous metabolic potential as a consequence of their ability to undergo rapid genetic evolution [3, 4] . Substituted aromatic compounds e.g. nitroaromatic compounds and chloroaromatic compounds have been reported to be the major contaminants of soil, sediments and groundwater [2, 5] . Several bacterial strains belonging to diverse taxonomic groups have been isolated and characterized for degradation of the above compounds [5, 6] . The molecular regulation of some of these degradation pathways have also been elucidated in detail [7] [8] [9] . Aromatic ring hydroxylating dioxygenases (RHDOs) are one of the most important classes of enzymes that catalyze aromatic ring cleavage for complete degradation of these compounds. Therefore, understanding the sequence variation and evolution of such dioxygenase(s) is crucial to develop successful bioremediation strategies [4, 10] . Benzenetriol dioxygenase (BtD), a multi-component enzyme, belongs to a large family of non-heme iron dioxygenases that play an important role in PNP degradation; this enzyme acts as the RHDO to convert benzenetriol (BT) to malylacetate (MA) which is subsequently metabolized via TCA cycle (Fig. 1) . Microbial degradation of PNP usually occurs by the formation of either 4-nitrocatechol (4NC) and BT [11] , or benzoquinone (BQ) and hydroquinone (HQ) [12, 13] as the upper pathway intermediates. Although the biochemistry of PNP degradation pathways has been fairly well characterized, information pertaining to the molecular regulation is scarce. Amongst all the enzymes involved in PNP degradation in either of the above pathways, BtD is an important target for detailed characterization. Furthermore, this enzyme is also involved in microbial degradation of several other mono-and bi-phenolic compounds including chlorophenols and catechols [9, 14, 15] . One of the recent approaches for characterization of functional/ catabolic genes is to evaluate their sequence diversity amongst various sources [10] . The present wok aims to elucidate the variations of btd gene sequence from different PNP degrading microorganisms and decipher its putative evolutionary relation with the taxonomic diversity of the host microorganisms.
Materials and Methods

Sampling sites and characterization of bacterial isolates:
Soil samples were collected from an agricultural fi eld in Punjab, India that was sprayed with organophosphate pesticides such as parathion and methyl parathion. Both these pesticides are known to undergo chemical hydrolysis in soil to form PNP [13] . PNP degrading organisms from above samples were isolated using the 'enrichment culture technique' as described earlier [13] , and their biochemical characterization was performed according to the Bergey's Manual of Systematic Bacteriology (1984) . Two of the laboratory strains viz. Burkholderia sp. SJ98 and Arthrobacter sp. RKJ4 [16] were used as the known PNP degraders in the study. Earlier strain SJ98 was tentatively identifi ed as Ralstonia sp. on the basis of the morphological and biochemical characterization [17] , however, 16S rRNA gene sequence (1449 bp) ascertained its identity as a Burkholderia sp. This was further confi rmed by FAMEs analysis and genomic mol% G+C content (data not shown).
DNA isolation and PCR: Genomic DNA was isolated from microorganisms using QIAGEN Genomic-tip 20/G (Qiagen GmbH, Germany) according to the manufacturer's instruction. The concentration and purity of DNA was measured spectrophotometrically. For amplifi cation of partial btd gene from the above organisms, a set of degenerate primers Hq_F (5'-AGG AGT TCA TCC TGC T(G/C)(A/T) G-3') and Hq_R (5'-CGC AC(GC) CCG AAC AC(A/T) GCG TC-3') were designed on the basis of the conserved regions (Q84 EFILLS and D264 AVFGVR) of BtD amino acid sequences available from the GenBank and Pubmed ( Table 1 ). The PCR parameters were standardized for concentrations of DNA template and magnesium salt as well as for annealing temperature on Mastercycler gradient (Eppendorf, Hamburg, Germany). PCR conditions used were: initial denaturation and enzyme activation at 95 °C . In order to characterize the microorganisms at the molecular level 16S rRNA gene amplifi cation was performed with universal eubacterial primers viz. 27F and 1492R using Taq DNA polymerase as described earlier [18] . Cloning and sequencing: PCR products for partial btd gene were cloned in pBlueScript II KS (+) cloning vector (Novagen, EMD Chemical Inc., CA, USA) following a blunt-end ligation at SmaI restriction digestion site. 16S rRNA gene amplicons were cloned in T/A cloning vector pGEM ® -T Easy (Promega Corporations, MD, USA) according to the manufacturer's instructions. Recombinants were transformed into E. coli DH5α and clones were screened with blue-white selection. Recombinant plasmids were isolated using the Miniprep kit (QIAGEN, GmbH, Germany). Sequencing was performed using vector specifi c primers with an automated DNA sequencer (ABI PRISM, model 377; Applied Biosystems, Foster City, CA, USA). The obtained sequences were submitted to GenBank (NCBI) and database searches were performed using the BLAST [19] .
In silico Amplifi ed Functional DNA Restriction Analysis (AFDRA): An in silico simulations of the restriction digestion pattern was performed on all the partial btd gene amplicons using restriction mapping software viz., Sci. Ed. Central Clone Manager Professional Suite (Scientifi c & Educational Software, NC, USA).
Phylogenetic analysis: Phylogenetic analyses including the calculation of bootstrap values were carried out using CLUSTAL_X [20] , PHYLIP [21] and TreeView (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html). For alignment of deduced amino acid sequences by CLUST-AL_X the alignment parameters for penalties were used as described earlier [22] . Phylogenetic subgroup was generated by using the SEQBOOT program of PHYLIP 3.63 [23, 24] . Statistical reliability of the trees was assessed using 100 bootstrap replications. A phylogenetic tree was constructed based on 'maximum likelihood estimation' algorithm using PHYLIP software. The consensus trees were obtained using the CONSENSE program [24] and rooted tree diagrams were generated with the TreeView program. In addition phylogenetic analysis was also performed using the 'distance matrix' algorithm wherein distance calculations were performed with Treecon software [25] by Jukes and Cantor model of evolution and the tree topology was determined using Neighbour-Joining method [26] .
Nucleotide sequence accession numbers: The GenBank accession numbers for the partial 16S rRNA and btd gene sequences obtained in this study are shown in Table 2 .
Results and Discussion
Phenotypic and genotypic characterization of the microorganisms: Using enrichment culture technique fi fteen morphologically distinct microorganisms were isolated that were capable of utilizing PNP as sole source of carbon and energy. To investigate the presence of BtD-mediated PNP degradation pathway and to decipher the BtD amino acid sequence variation amongst the microorganisms, a btd gene specifi c PCR was performed. An ~ 540 bp amplicon (corresponding to 84 th -264 th positions of BtD amino acid sequences that were targeted by degenerate primers) could be amplifi ed from ten of the fi fteen microorganisms. However, following DNA sequencing and database search, amplicons from only seven microorganisms showed sequence homology with btd gene; the remaining three were found to be spurious amplicons. The seven microorganisms that gave btd gene specifi c amplifi cation were designated as strains PNP1-7. Morphological and biochemical characterization of these microorganisms had indicated that they differed from each other (data not shown). Partial btd gene could also be amplifi ed from strains SJ98 and RKJ4. All the partial btd gene sequences were submitted to GenBank and the accession numbers obtained are listed in performed and sequences were submitted to GenBank. Partial sequences of 16S rRNA gene amplicons ascertained their identity up to the genus level ( Table 2) . Results of 16S rRNA gene sequence analysis showed that the enriched PNP degraders belonged to genera Arthrobacter, Burkholderia and Pseudomonas.
Sequence analysis and AFDRA: Analysis of partial btd gene sequences and subsequent homology search using BLASTX program (NCBI) showed that the deduced amino acid sequences of partial btd gene were closely related to each other in strains PNP1 and SJ98 (98 % identity); PNP6 and PNP7 (98 % identity); PNP3, PNP4 and PNP5 (94-96 % identity) and PNP2 and RKJ4 (76 % identity). An in silico AFDRA analysis of the btd gene sequences was performed using Clone Manager software with an array of 34 restriction enzymes wherein Sau3AI and RsaI could Fig. 3 . A 'distance matrix' phylogenetic tree showing the position of BtD (obtained in this study) among some of the related dioxygenases. The tree was constructed using Treecon software. Maleylacetate reductase (mal), an enzyme involved in the lower pathway of PNP degradation, was used as the outgroup. The numbers within parentheses indicate GenBank accession numbers. Abbr: BtD, benzenetriol dioxygenase; CDO/ CCDO, catechol dioxygenase/ chlorocatechol dioxygenase; PCDO, protocatechuate dioxygenase. The numbers at the nodes represent bootstrapping values. generate phylogenetically informative digestion patterns. Based on the restriction fragment profi le the microorganisms could be categorized into four distinct groups viz. (i) PNP1 and SJ98; (ii) PNP2 and RKJ4; (iii) PNP6 and PNP7; and (iv) PNP3, PNP4 and PNP5 (Fig. 2) . The AFDRA based grouping of the above microorganisms corroborated with that based on deduced amino acid sequences. These results therefore indicate that AFDRA could provide a quick and reliable assessment of btd gene diversity among the PNP degrading strains (PNP1-7, SJ98 and RKJ4).
Phylogenetic analysis: The phylogenetic tree constructed according to the 16S rRNA gene sequences showed presence of two major groups belonging to Gram-positive bacteria (consisting of strains PNP1-2 and RKJ4) and Gram-negative bacteria. The Gram-negative group included three distinct clades: one consisting of strains PNP3-5, another consisting of strains PNP6-7 and the third consisting of strain SJ98 (data not shown).
The amino acid sequence deduced from the partial btd gene was also subjected to phylogenetic analysis using 'maximum likelihood estimation' and 'distance matrix' algorithms. The results obtained with phylogenetic analysis were in close agreement with those obtained using AFDRA analysis since both the approaches categorized PNP degrading microorganisms in a similar manner. However, the phylogenetic study illustrated a few minor deviations that were not evident from the AFDRA analysis. Amongst the algorithms used 'maximum likelihood estimation' performed better as compared to 'distance matrix'. This observation is quite apparent since it is reported that the 'maximum likelihood method' is statistically substantial even with very short sequences. As expected the grouping of the microorganisms based on 16S rRNA gene relatedness was comparable with that based on BtD amino acid sequences. The only exception being strain PNP1 (Arthrobacter sp.) which differed substantially from strain SJ98 (Burkholderia sp.) at the 16S rRNA gene sequence level, however, both of them exhibited a high degree of BtD amino acid sequence similarity (98 % identity). Recently, Nordin et al [9] . also reported a similar observation with maleylacetate reductase (MaR); another enzyme involved in the degradation of aromatic compounds. The MaR gene cloned from Arthrobacter chlorophenolicus A6 showed 45.8 % identity with that of a taxonomically distantly related microorganism Ralstonia sp. SJ98. Based on these evidences it may be concluded that functional genes may have similar sequences despite of being encoded by distantly related organisms. This phenomenon could be explained on the basis of the fact that these functional genes have possibly undergone horizontal transfer from one organism to the other irrespective of their taxonomic ranks. It is well documented that horizontal gene transfer is responsible for diversity and distribution of catabolic gene(s) involved in the degradation of naphthalene, atrazine etc [27, 28] .
In order to evaluate the relatedness of BtD with some selected RHDOs phylogenetic trees were constructed as described above. The dendrogram created with 'distance matrix' method suggested a close relationship between BtD and catechol/chlorocatechol dioxygenases as compared to other RHDOs (Fig. 3) . Figure 4 shows the phylogenetic relationship of BtD according to the 'maximum likelihood estimation'. The tree topologies as predicted by the above algorithms were in close agreement and both of them confi rmed two distinct evolutionary lineages for BtD. The sequence information of BtD obtained from nitroaromaticdegrading microorganisms in this study is of signifi cance since BtD plays a key role in degradation of aromatic compounds. The understanding of variations in sequence may enable rational improvement in its activity and specifi city by site-directed mutagenesis and/or protein engineering in future.
In summary, the diversity of BtD, an enzyme involved in PNP degradation, has been studied at nucleotide sequence level and deduced amino acid sequence level by isolating different PNP degrading microorganisms from a pesticide contaminated agricultural soil. In a systematic approach encompassing AFDRA and phylogenetic analyses it was determined that BtD has two distinct sources of evolution and is also phylogenetically related to catechol and chlorocatechol dioxygenases. Moreover, the diversity of btd gene(s) showed explicit co-relation with the diversity of microorganisms.
